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Abstract
We propose a previously unexplored way to form Nb nanowires from NbCl3 molecules inside carbon nanotubes
(CNTs). We have studied this reaction by ab initio density functional calculations and found it to be catalytically
promoted in presence of graphitic carbon. Our results suggest that chemisorption of NbCl3 on the CNT is accompanied
by a charge transfer of ≈0.5 electrons to the nanotube wall, which significantly weakens the Nb-Cl bond. We found
that the bcc structure of Nb is not affected by the small diameter of the nanowire inside a CNT. We have also identified
strong covalent bonds between the nanowires and the surrounding nanotube that are accompanied by a similar charge
transfer of .0.5 e from surface Nb atoms to the nanotube. The large electronic density of states of bulk Nb at
EF is not changed much in the confined geometry, suggesting that ultra-narrow nanowires of Nb may keep their
superconducting behavior and form Josephson junctions in the quasi-1D geometry while being protected from the
ambient by the enclosing CNT structure.
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1. Introduction
Niobium holds a special place in the periodic table
for several reasons. It is a ductile transition metal with
a high melting temperature [1] TM = 2750 K and the
highest cohesive energy [1] Ecoh = 7.57 eV/atom in the
4d transition metal series. Nb also displays the high-
est critical temperature Tc = 9.25 K among elemen-
tal superconductors [2, 3] and is unique with its abil-
ity to maintain an open body-centered cubic (bcc) struc-
ture until extremely high pressures [4] of hundreds of
GPa. Nb is significantly harder than iron and an im-
portant constituent of thermally stable superalloys and
superconducting alloys. There is strong interest in Nb
nanowires covering applications ranging from efficient
superconducting single-photon detectors [5, 6], Joseph-
son tunnel junctions [7], and conductive fiber compos-
ites used as supercapacitors [8] and energy storage me-
dia [9]. A wide range of fabrication techniques in-
cluding etching of sputter-deposited films [5] or com-
pounds [9], templated electrodeposition [10], or deposi-
tion on nano-templates [11] were only capable of pro-
ducing polycrystalline wires with diameters from 10-
1000 nm. Availability of monocrystalline Nb nanowires
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with only few nanometers in diameter is highly desir-
able especially for quantum applications in the super-
conducting regime. Yet the common synthesis approach
based on high-temperature capillarity filling [12–20] of
carbon nanotubes can not be used for Nb due to its high
melting temperature, which is close to the stability limit
of carbon nanotubes.
Here we propose a previously unexplored approach
to synthesize Nb nanowires with a uniform diameter
by heating up the NbCl3 molecular crystal in presence
of carbon nanotubes (CNTs) with a typical diameter
d.2 nm. The nanowires should form by decomposition
of NbCl3 inside CNTs at a temperature well below the
melting point of Nb. In this process, the role of the CNT
is threefold. First, the CNT is a template that defines
the diameter of the enclosed. Second, graphitic carbon
in the CNT acts as a catalyst, which lowers the tem-
perature of converting NbCl3 to metallic Nb and NbCl5
to well below 1, 000◦C [21]. Finally, the CNT protects
the enclosed Nb nanowire from the ambient. We have
performed ab initio density functional theory (DFT) cal-
culations of the reaction mechanism and found that Nb
nanowires may form in an activated exothermic process
that involves a large number of atoms in concerted mo-
tion. The catalytic effect of a CNT originates in its abil-
ity to accept electrons from chemisorbed NbCl3. Our
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calculations allow us to identify the optimum geome-
try of Nb nanowires that form inside the CNTs. Nb
nanowires are faceted fragments of the bulk bcc struc-
ture with little reconstruction. They maintain the same
high density of states at EF as bulk Nb and thus should
remain superconducting, similar to their bulk counter-
part. More interesting, ultra-narrow Nb nanowire seg-
ments, separated by a narrow gap and held in place by
the surrounding CNT, should form a Josephson junction
in the quasi-1D geometry while being protected from
the ambient by the enclosing CNT structure.
At first glance, formation of Nb nanowires inside
carbon nanotubes should not appear surprising, since
nanowires of other elements have been found inside
CNTs[12–20]. So far, filling nanotubes by a metal [12]
such as Pb had required initial melting of this metal,
which subsequently entered the nanotubes by capillary
action. Similar to other refractory metals, this approach
fails for Nb with it melting point [1] TM = 2750 K,
which is close to the stability limit of carbon nanotubes
between 951 K in presence of oxygen [22] and near
3, 400 K in vacuum [23].
Our proposed approach is very different, as it involves
sublimation of NbCl3 molecules from a molecular crys-
tal, their entry into the open end of a CNT and sub-
sequent chemisorption on the inner wall. As we will
discuss below, we find that chemisorption of NbCl3 on
the CNT wall is accompanied by a large charge transfer
of 0.5 electrons from the molecule to the CNT, which
strongly reduces the ionic charge of Cl atoms in this
molecule. The charge redistribution in the adsorbed
complex lowers the energy required to break the Nb-Cl
bond by &1 eV. Consequently, the exothermic conver-
sion of NbCl3 to metallic Nb and NbCl5 is promoted in
presence of graphitic carbon, which plays the unusual
role of a catalyst. There is preliminary experimental evi-
dence [24] that formation of Nb nanowires inside CNTs
from NbCl3 is indeed possible at temperatures signif-
icantly lower than 1, 000◦C, which is required for this
reaction to occur in vacuum, without a catalyst [21].
2. Computational results
We have considered different chlorides of niobium as
potential precursors for metallic Nb and calculated the
corresponding reaction energies by optimizing the ini-
tial and the final structures using ab initio DFT calcu-
lations. Among these, we found NbCl5 to be unusually
stable, as it forms spontaneously from metallic Nb and
chlorine gas according to [25]
Nb(s) + 2.5Cl2(g) −→ NbCl5(s) . (1)
(a)                                             (b)
(c)
NbCl3: +0.55 charged  
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Figure 1: Interaction of an NbCl3 molecule with a graphene mono-
layer. (a) Side and top views of the molecule at the distance d = dc
and d = dp from graphene. (b) Interaction energy ∆E(d) between
an NbCl3 molecule and graphene. (c) Charge redistribution upon
chemisorption of NbCl3 on graphene.
The observed reaction energy [25, 26] of −797 kJ/mol
or −8.26 eV per formula unit is in fair agreement with
the calculated value of −7.48 eV. The strongly exother-
mic nature of this process indicates that the reverse pro-
cess of forming metallic Nb from NbCl5 is highly un-
likely.
However, we found metallic Nb to form as one of
the products of the decomposition of NbCl3 according
to [21, 27]
5NbCl3(s) −→ 3NbCl5 + 2Nb(s) . (2)
This reaction is exothermic and has been reported to
occur at 1, 000◦C under vacuum conditions [21, 27].
Even though NbCl5 molecules are listed as one of the
products, these molecules are known to dimerize spon-
taneously to Nb2Cl10. Then, Eq. (2) changes to
10NbCl3(s) −→ 3Nb2Cl10(g) + 4Nb(s) . (3)
The calculated reaction energy of this exothermic pro-
cess is ∆E = −19.82 eV. Even though we know that
this reaction does occur at 1, 000◦C, there is only lim-
ited information available about it due to its complex-
ity [28], which involves continuous changes in the ox-
idation state of Nb. The reaction involves a concerted
motion of 40 atoms in a 120-dimensional configuration
space that is hard to search. Consequently, the reaction
coordinate and transition states can not be characterized
well, as we expand on in the Supplementary Material
(SM).
According to Eq. (3), we consider NbCl3 as a suit-
able precursor for the formation of metallic Nb. We note
that this favorable precursor may also form by exposing
NbCl5 to hydrogen atmosphere according to [27]
NbCl5(g) + H2(g) −→ NbCl3(s) + 2HCl(g) . (4)
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This reaction is only slightly exothermic, with the re-
ported reaction energy [27] of −35 kJ/mol. Even
though we are unable to characterize the reaction co-
ordinate, transition states and activation energies for the
reaction in Eq. (3), we are still able to shed light on key
steps in the reaction, which involves breaking of some
and formation of other bonds in the Nb-Cl system, lead-
ing ultimately to metallic Nb inside a CNT.
In the first step, an NbCl3 molecule adsorbs on the in-
ner wall of the CNT, which we represent by a graphene
monolayer in view of the low curvature of the 2-nm
wide CNT. Our results are summarized in Fig. 1. Cor-
responding results for the interaction of NbCl5 with
graphene are presented in the SM.
As seen in Fig. 1(a), NbCl3 is a planar molecule that
prefers adsorption in the hollow site on graphene. The
adsorption energetics is depicted in Fig. 1(b). NbCl3
initially physisorbs at the distance dp = 4.07 Å, gain-
ing 0.10 eV in physisorption energy. Only a small
energy barrier separates it from a much more stable
chemisorbed state associated with an energy gain of
0.80 eV and a much smaller distance dc = 2.15 Å
from graphene. As shown in Fig. 1(a), the molecule de-
forms during the chemisorption, bringing the Nb atom
closer to the surface. To better understand the changes
in chemical bonding associated with the adsorption of
NbCl3 on graphene, we performed a single−ζ Mulliken
population analysis of the system and monitored the net
charge Q of NbCl3 at different values of the adsorp-
tion distance d. We then defined the electron depletion
∆Q(d) on the molecule at distance d with respect to a
desorbed molecule at d = 10 Å by ∆Q(d) = Q(d =
10 Å) − Q(d). Our results in Fig. 1(c) indicate that the
molecule remains almost neutral down to d = dp, but
loses up to 0.53 electrons as it approaches graphene in
the chemisorbed state. From this viewpoint, graphene is
not inert with respect to the chemical behavior of NbCl3.
As mentioned above, formation of metallic Nb from
NbCl3 molecules during the complex reaction behind
Eq. (3) necessitates breaking or rearranging Nb-Cl
bonds. Whereas separating a Cl atom from a free NbCl3
molecule requires 4.57 eV, the same process requires
only 2.60 eV when NbCl3 is chemisorbed on graphene
or inside a CNT. Also a related endothermic reaction
that is likely to occur during the complex conversion
process, where NbCl3 first dimerizes to Nb2Cl6 and sub-
sequently dissociates into NbCl2 and NbCl4, requires
1.26 eV in vacuum and a significantly lower energy of
0.52 eV while adsorbed on graphitic carbon of a nan-
otube. Details of these particular reactions are presented
in the SM.
We attribute the significant decrease of the reaction
energy barriers on graphitic carbon to the electron trans-
fer from the chemisorbed molecule to the carbon nan-
otube. This catalytic effect is unusual, since with few
exceptions [29, 30], graphitic carbon has been known to
be catalytically inactive unless combined with another
substance to form a graphene-based catalyst or a sup-
ported graphene catalyst. Consequently, formation of
metallic Nb from NbCl3 according to the reaction in
Eq. (3) should occur inside a CNT at temperatures sig-
nificantly lower than the reported value of 1, 000◦C in
vacuum [21, 27]. This conjecture appears to be sup-
ported by preliminary experimental results [24].
Having established the possibility of forming metallic
Nb inside a CNT, we now have to consider likely struc-
tures of finite-diameter Nb nanowires that are dynam-
ically stable. Unlike in macroscopic structures includ-
ing large-diameter wires, atomic packing may be signif-
icantly changed in nanostructures including nanowires
due to the significant effect of surface tension that ex-
erts compressive stress on the entire structure. We sum-
marize observed and calculated values of the surface
tension γ in Table 1. We have estimated the equiva-
lent pressure for Nb nanowires in excess of 2 nm di-
ameter and found it insufficient to convert the open bcc
structure of bulk Nb to a more close-packed structure, in
agreement with previous results [4]. We also cut out and
optimized selected nanowires from bulk Nb(bcc) and
found no signs of significant reconstruction. Thus, we
believe that same as in the bulk, atoms in Nb nanowires
are packed in the bcc structure, with possible atomic re-
laxations at the surface. The nanowires discussed in the
following are to be considered stable dynamically, not
only statically, since atomic rearrangement to a more
stable structure has been excluded. Still, there is need to
discuss possible shape changes at their faceted surface
inside the nanotube void, which we do in the following.
Whereas the most stable structure would minimize
the total surface energy in vacuum, it should minimize
the total interface energy between Nb and the CNT in
the Nb@CNT system. To obtain insight into the differ-
ent components of the interface energy, we do not con-
strain our study to particular nanotube diameters, but
rather study different Nb surfaces and their interaction
with a graphene monolayer.
As a likely candidate for segments of the nanowire
surface, we first consider the Nb(110) surface with the
lowest value of γ according to Table 1. We would ex-
pect Nb nanowires with a surface consisting only of
(110) facets to be most stable in vacuum. The interac-
tion of the Nb(110) surface with graphene, representing
a finite-diameter nanowire enclosed in a CNT, is pre-
sented in Fig. 2. Corresponding results for the Nb(100),
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Figure 2: Interaction of the Nb(110) surface with a graphene mono-
layer. (a) Top and side views of the atomic arrangement, with the
supercell highlighted by red. (b) Interaction energy ∆E between
the Nb(110) surface and graphene as a function of the separation
distance d. (c) Charge redistribution caused by the interaction of
Nb(110) with graphene, superposed with the atomic structure. ∆ρ =
ρ(Nb/graphene)−ρ(Nb)−ρ(graphene) is shown by isosurfaces bound-
ing regions of electron excess at +4×10−3 e/Å3 (yellow) and electron
deficiency at −4×10−3 e/Å3 (blue). (d) Mulliken charge of specific
atomic orbitals as a function of d.
Nb(111) and Nb(121) surfaces are presented in the SM.
We represent the Nb(110) surface by a 3-layer slab.
Table 1: Characterization of selected Nb surfaces and their interaction
with graphene based on DFT-PBE calculations. γ is the surface en-
ergy. The optimum Nb-graphene distance is dc for chemisorption and
dp for physisorption. ∆E(dc) is the Nb-graphene interaction energy
and ∆Q(dc) is the electron charge transferred from Nb to graphene at
dc, both given per area unit.
γ dc dp ∆E(dc) ∆Q(dc)
Surface (eV/Å2) (Å) (Å) (eV/Å2) (e/Å2)
(100) 0.152 2.32 - 0.035 0.040
0.142a
(110) 0.127 2.31 4.07 0.037 0.048
0.129a
0.155b
0.159c
(111) 0.150 2.28 - 0.022 0.031
0.146a
(121) 0.146 2.37 - 0.025 0.032
0.146a
a Ref. [31].
b Ref. [32].
c Ref. [33].
Since Nb(110) is not epitaxial with the honeycomb lat-
tice of graphene, we considered a large Nb18C16 super-
cell depicted in Fig. 2(a), which contained 16 C and
6 Nb atoms at the interface. Epitaxy, needed for the
calculation, was enforced by compressing Nb(110) by
0.8% along the x−direction and stretching it by 2.1%
along the y−direction, whereas graphene was left in
its optimum structure. The Nb(110)/graphene inter-
action energy ∆E is plotted in Fig. 2(b) as a func-
tion of the interface distance d. Similar to the NbCl3
molecule on graphene discussed above, we find two ad-
sorption minima for this system. As also listed in Ta-
ble 1, the shallower minimum, which we associate with
physisorption, is characterized by dp = 4.07 Å and
∆Ep = −0.008 eV/Å2. The deeper minimum, which
we associate with chemisorption, is characterized by
dc = 2.31 Å and ∆Ec = −0.037 eV/Å2. These interac-
tion energies are smaller than the surface energies listed
in Table 1, but can not be ignored when discussing the
surface structure of nanowires inside a CNT.
We find similarities in the interaction of graphene
with the surface of Nb and a NbCl3 molecule. Unlike
in the physisorbed state of Nb on graphene, there is
significant electron transfer from Nb to graphene in the
more stable chemisorbed state. The spatial extent of this
charge transfer is, however, limited to the one Nb layer
closest to graphene, as shown in Fig. 2(c). To better
understand the details of this charge transfer, we plotted
the Mulliken population charge, obtained using a single-
ζ basis, in Fig. 2(d) for atomic orbitals that were most
affected. In graphene, it was the population of the C2pz
orbital that increased at smaller interlayer distances. In
Nb, the population of the Nb4dz2 state increased and
that of the Nb5s state decreased significantly at small
interlayer distances. This confirms that the most signifi-
cant bonding between Nb and C is associated with pdσ
bonding gaining strength over the spσ bond as Nb and
C atoms approach each other. This bonding character
is also reflected in the charge density redistribution in
Fig. 2(c).
The interaction energies of different Nb surfaces with
graphene are compared in Figs. 3(a)-3(c). Unlike for
the (110) surface discussed above, there are no ph-
ysisorption minima for Nb(100) and Nb(121) interact-
ing with graphene. Among the three surfaces consid-
ered, Nb(110) interacts most strongly with graphene.
The numerical values for the interaction energies of the
different surfaces with graphene are summarized in Ta-
ble 1.
Candidate structures for the most stable, ≈2 nm-wide
Nb nanowires are shown in Figs. 3(d)-3(f). Of these,
the structure in Fig. 3(f) with a hexagonal cross-section
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monocrystalline Nb nanowires. Most stable Nb nanowire geometries
are shown schematically for nanowires with (d) (100) and (110), (e)
(110), (121) and (100), and (f) only (110) facets.
is the most stable in vacuum, as it is terminated by
[110] facets only. Since the Nb(110) surface interacts
most strongly with graphene, this structure is favored
even more strongly inside a CNT on energy grounds.
In nanowires shown in Figs. 3(d) and 3(e), less stable
[100] and [121] facets coexist with [110] facets, making
these structures energetically less favorable in vacuum
than that in Fig. 3(f). Since also the interaction of [100]
and [121] facets with graphene is weaker than that of
[110] facets, these structures remain energetically less
favorable with respect to the structure in Fig. 3(f) also
inside a CNT. We thus focus on the preferred structure
in Fig. 3(f) in the following.
Finally, to estimate transport properties of Nb
nanowires, we compare their electronic density of states
(DOS) N(E) to the infinite bcc structure in Fig. 4. We
display schematically the bulk bcc structure in the top
panel of Fig. 4(a), that of the nanowire of Fig. 3(f)
in Fig. 4(b), and the same structure with edge atoms
removed in Fig. 4(c). The DOS in the bottom panel
of Fig. 4(a) reveals the metallic character of bulk Nb
and reflects well the partial filling of the Nb4d band.
The DOS of the two nanowires, shown in the bottom
panels of Figs. 4(b) and 4(c) appears flatter near the
Fermi level. Interestingly, the DOS value at EF , N(EF),
is essentially the same, possibly slightly higher in the
nanowires than in the bulk structure. This would in-
dicate that the conductivity of the nanowires should
remain comparable to the bulk structure. We expect
an electron transfer from the nanowires to the enclos-
ing nanotube that involves only the outermost atoms
in the nanowire. Depending on the nanowire diame-
ter, the position of the Fermi level should be lowered
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Figure 4: Electronic density of states (DOS) of (a) bulk Nb(bcc), (b)
a Nb nanowire terminated by (110) facets, and (c) the Nb nanowire of
(b) with atoms at the edges of the facets eliminated.
by .0.1 eV with no effect on N(EF). The CNTs sur-
rounding the nanowires may be intrinsically semicon-
ducting or metallic and will contribute negligibly to the
conductance of the system. In random samples, 2/3 of
all single-wall CNTs are semiconducting.
Possibly more interesting than conducting behavior
is the expected change in the critical temperature Tc
for superconductivity. In BCS superconductors includ-
ing Nb, Tc can be estimated using the McMillan equa-
tion [34]. The key quantities determining Tc are the the
Debye frequency ωD and the electron-phonon coupling
constant λ. Since the structure of the nanowires is essen-
tially the same as that of their bulk counterpart, the vi-
brational spectra and thus ωD should be the same. More
important are changes in λ, which appears in the expo-
nent of the expression for Tc. One factor in λ, namely
the Bardeen-Pines interaction describing electron scat-
tering by a phonon, should be the same in Nb nanowires
and bulk Nb due to their similar electronic and phonon
structure. The other factor in λ is N(EF), which we
found to be essentially the same, if not higher, in the
nanowires of Nb as in the bulk. Thus, we expect Nb
nanowires down to 2 nm diameter to remain supercon-
ducting, with the same or possibly higher value of Tc
than the 9.25 K value [2, 3] reported for bulk Nb.
3. Discussion
The CNTs play a triple role in our study. Besides their
catalytic activity to lower the activation barrier for the
decomposition of NbCl3 and their function as a template
5
to form metallic Nb nanowires, they also protect these
nanowires from the ambient.
A proper characterization of a chemical reaction in-
volves identifying the reaction coordinate, the geometry
and energy of transition states, and a detailed discussion
of the dynamical stability of the final state structure. As
we mentioned above, the reaction involves a concerted
motion of 40 atoms in a 120-dimensional configuration
space, which makes it impossible to search for the op-
timum transformation path between the initial and the
final states, which we have characterized. We have also
spent significant effort finding the optimum structure of
nanowires that fill the void inside a given carbon nan-
otube. Of course, in absence of this steric constraint, the
nanowires would decompose to the bulk Nb(bcc) metal,
the most stable structure in the phase diagram of Nb.
Clearly, many unknowns remain regrading the reaction
details. Still, we have established that due to the cat-
alytic activity of graphitic carbon, the reaction should
run below 1, 000◦C, at which it had been observed un-
der vacuum conditions.
The complex decomposition reaction of NbCl3 leads
not only to metallic Nb, but also to solid NbCl5. The
two bulk allotropes of NbCl5 are wide-gap semiconduc-
tors and do not affect the electronic properties of the Nb
nanowires, as we expand in more detail in the SM. We
have also found that the interaction between NbCl5 and
the surrounding CNT wall is very weak and does not
involve any charge transfer.
In a realistic sample, we may expect that the Nb
nanowire may not be contiguous. Rather, finite-length
Nb nanowire segments, which are held in place by the
surrounding nanotube, may be separated by narrow gaps
or short NbCl5 segments along the axial direction of a
CNT. Assuming that the surrounding CNT is semicon-
ducting, the Nb-vacuum-Nb or Nb-NbCl5-Nb structure
may behave as a nanometer-wide, precisely controllable
Josephson junction, the key component of future quan-
tum computers. Besides its nanometer diameter, a sig-
nificant advantage of a Nb-based Josephoson junction
would be its functionality up to Tc(Nb)= 9 K, a signif-
icant advantage over Al-based Josephson junctions that
only operate below Tc(Al)= 2 K.
4. Summary and Conclusions
We have proposed a previously unexplored way to
form Nb nanowires inside carbon nanotubes (CNTs)
using not capillary filling by the metal, but rather fill-
ing the CNTs with NbCl3 molecules, which decompose
to metallic Nb and Nb2Cl10 molecules. We used ab ini-
tio density functional calculations to get insight into this
reaction, which turns out to be quite complex, as it in-
volves a concerted motion of 40 atoms and Nb chang-
ing its oxidation state continuously. Whereas the re-
action coordinate and associated activation barriers re-
main obscure, our calculations confirm that the reaction
is strongly exothermic. Our finding that particular re-
action steps are catalytically promoted in presence of
graphitic carbon implies that the reaction temperature
should decrease below 1, 000◦C required for it to run
in vacuum. The same process could be used to form
nanowires of other refractory metals including W with
an even higher melting point. According to our cal-
culations, chemisorption of NbCl3 on the CNT is ac-
companied by a charge transfer of ≈0.5 electrons to the
nanotube wall, which significantly weakens the Nb-Cl
bond. We found that the bcc structure of Nb is not af-
fected by the small diameter of the nanowire inside a
CNT. We have also identified strong covalent bonds be-
tween the nanowires and the surrounding nanotube that
are accompanied by a similar charge transfer of .0.5 e
from surface Nb atoms to the nanotube. We found that
the large electronic density of states at EF is not changed
much in the confined geometry, suggesting that ultra-
narrow nanowires of Nb may keep their superconduct-
ing behavior in the quasi-1D geometry while being pro-
tected from the ambient by the enclosing CNT struc-
ture. Under favorable conditions, Nb nanowire seg-
ments, separated by narrow gaps, may be held in place
by the surrounding nanotube and form Josephson junc-
tions operating at T.Tc(Nb)= 9 K.
5. Computational Techniques
Our calculations of the stability, equilibrium struc-
ture and electronic structure have been performed us-
ing density functional theory (DFT) as implemented
in the SIESTA [35] code. Periodic boundary con-
ditions have been used throughout the study, with
2D slabs or graphene and Nb represented by a peri-
odic array of slabs separated by a 20 Å thick vac-
uum region. We also used a periodic array to rep-
resent 1D Nb nanowires separated by a 15 Å thick
vacuum region. We used the Perdew-Burke-Ernzerhof
(PBE) [36] exchange-correlation functional. The
SIESTA calculations used norm-conserving Troullier-
Martins pseudopotentials [37], a double-ζ basis includ-
ing polarization orbitals, and a mesh cutoff energy of
250 Ry to determine the self-consistent charge density,
which provided us with a precision in total energy of
.2 meV/atom. The reciprocal space has been sampled
by a fine grid [38] of 7×3 k-points in the 2D Brillouin
zones (BZ) of the supercells representing Nb/graphene
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slabs. The 1D Brillouin zone of Nb nanowires has been
sampled by 15 k-points. Geometries have been opti-
mized using the conjugate gradient (CG) method [39],
until none of the residual Hellmann-Feynman forces ex-
ceeded 10−2 eV/Å.
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1. Reaction pathway
As mentioned in the main manuscript, Nb is a re-
fractory metal with a high melting temperature TM =
2750 K that is close to the decomposition temperature
of carbon nanotubes (CNTs). Thus, capillary filling,
which had been used for other elements with a much
lower melting point, including Pb, can not be used for
Nb.
Formation of Pb nanowires by capillary filling is a
relatively straight-forward process, as it only involves
the condensation of Pb atoms within the void inside a
nanotube,
Pb(g) −→ Pb(s) . (S1)
The reaction coordinate is the position of a single Pb
atom in the 3-dimensional space and the reaction is thus
easy to characterize.
For Nb, we propose a fundamentally different ap-
proach that yields metallic Nb as one of the products
of a complex reaction that starts from the NbCl3 molec-
ular solid. As discussed in the main manuscript, this
reaction is
10NbCl3(s) −→ 3Nb2Cl10(g) + 4Nb(s) . (S2)
With 40 atoms with 120 degrees of freedom involved,
identifying the optimum reaction path in the 120-
dimensional configuration space is practically impossi-
ble. Understanding this reaction is a serious challenge
in Inorganic Chemistry.
We have attempted to run molecular dynamics sim-
ulations reflecting the reaction Eq. (S2) under high-
pressure and high-temperature conditions to get guid-
ance regarding the likely reaction path, but failed due
to the limited simulation time. We have concluded that
∗Corresponding author
Email address: tomanek@pa.msu.edu (David Toma´nek)
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Figure S1: Dissociation of NbCl3 to NbCl2 and Cl according to
Eq. (S3) in vacuum and on graphitic carbon. (a) Energetics of the
reaction in vacuum (data points A0–A3, connected by the blue dash-
dotted line) and on graphitic carbon (data points B0–B3, connected
by the red dashed line). (b) Snap shots of the intermediate geome-
tries. The reaction coordinate is represented by d, the length of one
particular Nb-Cl bond.
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Figure S2: Transformation of Nb2Cl6 to NbCl2 and NbCl4 according
to Eq. (S4) in vacuum and on graphitic carbon. (a) Energetics of the
reaction in vacuum (data points C0–C3, connected by the blue dash-
dotted line) and on graphitic carbon (data points D0–D3, connected
by the red dashed line). (b) Snap shots of the intermediate geome-
tries. The reaction coordinate is represented by d, the length of one
particular Nb-Cl bond.
locating intermediate structures and transition states for
a reaction as complex as in Eq. (S2) is not feasible com-
putationally.
Still, we can provide results of limited calculations
for processes that likely take place during the complex
reaction in Eq. (S2), both in vacuum and inside a carbon
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Figure S3: Interaction of an Nb2Cl10 molecule with a graphene mono-
layer.(a) Side and top views of the molecule at the distance d from
graphene. (b) Interaction energy ∆E(d) between an Nb2Cl10 molecule
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Figure S4: Interaction of the Nb(100) surface with a graphene mono-
layer. (a) Top and side views of the atomic arrangement, with the
supercell highlighted by red. (b) Interaction energy ∆E between
the Nb(100) surface and graphene as a function of the separation
distance d. (c) Charge redistribution caused by the interaction of
Nb(100) with graphene, superposed with the atomic structure. ∆ρ =
ρ(Nb/graphene)−ρ(Nb)−ρ(graphene) is shown by isosurfaces bound-
ing regions of electron excess at +4×10−3 e/Å3 (yellow) and electron
deficiency at −4×10−3 e/Å3 (blue). (d) Mulliken charge of specific
atomic orbitals as a function of d.
nanotube.
One reaction step that is likely to occur in this com-
plex reaction is the detachment of a chlorine atom from
an NbCl3 molecule of the starting substance according
to
NbCl3(g) −→ NbCl2(g) + Cl(g) . (S3)
The energetics of the corresponding endothermic dis-
sociation process, which may occur in vacuum or on
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Figure S5: Interaction of the Nb(111) surface with a graphene mono-
layer. (a) Top and side views of the atomic arrangement, with the
supercell highlighted by red. (b) Interaction energy ∆E between
the Nb(111) surface and graphene as a function of the separation
distance d. (c) Charge redistribution caused by the interaction of
Nb(111) with graphene, superposed with the atomic structure. ∆ρ =
ρ(Nb/graphene)−ρ(Nb)−ρ(graphene) is shown by isosurfaces bound-
ing regions of electron excess at +4×10−3 e/Å3 (yellow) and electron
deficiency at −4×10−3 e/Å3 (blue). (d) Mulliken charge of specific
atomic orbitals as a function of d.
graphitic carbon, is presented in Fig. S1 along with the
corresponding geometries. Clearly, the dissociation en-
ergy is lowered significantly in presence of graphitic
carbon.
Another reaction likely to occur during the conver-
sion of NbCl3 to metallic Nb and other molecules is the
dimerization of NbCl3 to Nb2Cl6, followed by simul-
taneous detachment of a Cl atom from NbCl3 while a
new Nb-Cl bond is being formed with another NbCl3
molecule. One reaction that reflects simultaneous dis-
sociation and formation of an Nb-Cl bond is
Nb2Cl6(g) −→ NbCl2(g) + NbCl4(g) . (S4)
The energetics of this endothermic dissociation process,
which may occur in vacuum or on graphitic carbon, is
illustrated in Fig. S2 along with the corresponding ge-
ometries.. Clearly, the energy barrier is lowered in pres-
ence of graphitic carbon also for this reaction.
2. Interaction of NbCl5 with graphene
NbCl5 dimerizes to Nb2Cl10 molecules shown in
Figure S3(a). In contrast to NbCl3 discussed in the
main manuscript, there is only one shallow ‘physisorp-
tion’ state of Nb2Cl10 on graphene, as seen in Fig-
ure S3(b). The physisorption energy ∆E = −0.2 eV is
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Figure S6: Interaction of the Nb(121) surface with a graphene mono-
layer. (a) Top and side views of the atomic arrangement, with the
supercell highlighted by red. (b) Interaction energy ∆E between
the Nb(121) surface and graphene as a function of the separation
distance d. (c) Charge redistribution caused by the interaction of
Nb(121) with graphene, superposed with the atomic structure. ∆ρ =
ρ(Nb/graphene)−ρ(Nb)−ρ(graphene) is shown by isosurfaces bound-
ing regions of electron excess at +4×10−3 e/Å3 (yellow) and electron
deficiency at −4×10−3 e/Å3 (blue). (d) Mulliken charge of specific
atomic orbitals as a function of d.
very small and the charge transfer between the molecule
and graphene is negligible.
3. Interaction of Nb(100), Nb(111) and Nb(121) sur-
faces with graphene
An analogy to the results for interaction of Nb(110)
with graphene, presented in Figure 3 of the main
manuscript, we present results for graphene interacting
with Nb(100) in Figure S4, Nb(111) in Figure S5, and
Nb(121) in Figure S6.
4. Electronic structure of bulk NbCl5
We have optimized the bulk structure of two bulk al-
lotropes of NbCl5 using density functional theory (DFT)
as specified in the main manuscript. We have found
their energies to differ by lesssim1 meV per formula
unit, indicating that the two allotropes are equally sta-
ble. We present the DFT-based electronic density of
states (DOS) in Fig. S7. In view of the fact the DFT
eigenvalues always underestimate the fundamental band
gap, both allotropes are clearly wide-gap semiconduc-
tors.
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Figure S7: Electronic density of states (DOS) of two monoclinic bulk
allotropes of niobium pentachloride. (a) NbCl5 with P21/c symmetry
and 24 atoms in total per unit cell. (b) NbCl5 with C2/m symmetry
and 72 atoms in total per unit cell. Both crystals are wide-gap semi-
conductors.
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